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ABSTRACT Southern China is a hot spot of emerging infectious diseases, in
which diverse species of bats dwell, a large group of flying mammals considered
natural reservoirs for zoonotic viruses. Recently, divergent filoviruses (FiVs) have
been identified in bats within this region, which pose a potential risk to public
health, but the true infection situation in bats remains largely unclear. Here, 689
archived bat serum samples were analyzed by enzyme-linked immunosorbent as-
say (ELISA), Western blotting, and neutralization assay to investigate the sero-
prevalence and cross-reactivity of four divergent FiVs and two other viruses (ra-
bies virus and Tuhoko pararubulavirus 1) of different families within the order
Mononegavirales. Results showed no cross-antigenicity between FiVs and other
mononegaviruses but different cross-reactivity among the FiVs themselves. The
total FiV seroreactive rate was 36.3% (250/689), with infection by the indigenous
Chinese FiV DHO04 or an antigenically related one being the most widely and the
most highly prevalent. Further viral metagenomic analysis of fruit bat tissues also
identified the gene sequence of a novel FiV. These results indicate the likely
prevalence of other so far unidentified FiVs within the Chinese bat population,
with frugivorous Rousettus leschenaultii and Eonycteris spelaea bats and insectivo-
rous Myotis horsfieldii and Miniopterus schreibersii bats being their major reser-
voirs.

IMPORTANCE Bats are natural hosts of many FiVs, from which diverse FiVs were se-
rologically or virologically detected in Africa, Europe, and East Asia. Recently, very di-
vergent FiVs were identified in the Chinese bat population, but their antigenic rela-
tionship with other known FiVs remains unknown. Here, we conducted serological
characterization and investigation of Chinese indigenous FiVs and prototypes of
other viruses in bats. Results indicated that Chinese indigenous FiVs are antigenically
distant to other FiVs, and infection of novel or multiple FiVs occurred in Chinese
bats, with FiV DHO4 or an antigenically related one being the most widely and the
most highly prevalent. Additionally, besides Rousettus leschenaultii and Eonycteris
spelaea bats, the insectivorous Myotis horsfieldii and M. schreibersii bats are highly
preferential hosts of FiVs. Seroreactive and viral metagenomic results indicated that
more as yet unknown bat-borne FiVs circulate in Southern China, and to uncover
them further, investigation and timely surveillance is needed.
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Zhang et al.

iloviruses (FiVs) are a group of baculiform viruses within the family Filoviridae

featuring some notorious members responsible for highly contagious human hem-
orrhagic diseases, such as Ebola and Marburg virus diseases with fatality rates ranging
from 25 to 90% (1). In addition to the 3 established genera of the family that exclusively
infect mammals, Ebolavirus, Marburgvirus, and Cuevavirus (2), the FiVs have recently
been expanded by the addition of two new genera discovered in fish, Striavirus and
Thamnovirus with Xilang striavirus and Huangjiao thamnovirus as their respective
unique species (2, 3). The genus Ebolavirus is composed of five species, with each
containing only one member as follows: Zaire ebolavirus (Ebola virus, EBOV), Sudan

ebolavirus (Sudan virus, SUDV), Bundibugyo ebolavirus (Bundibugyo virus, BDBV), Tai

Forest ebolavirus (Tai Forest virus, TAFV), and Reston ebolavirus (Reston virus, RESTV) (2).
Genus Marburgvirus contains a single species, Marburg marburgvirus with two mem-
bers, Marburg virus (MARV) and Ravn virus (RAVV), which are approximately 21%
divergent from each other at the nucleotide level (2). Genus Cuevavirus consists of a
single species, Lloviu cuevavirus (Lloviu virus, LLOV) (2).

Bats have been closely associated with FiVs; e.g., the cave-roosting Rousettus ae-
gyptiacus bats are considered to be natural reservoir hosts for MARV (4-6), cumulative
evidence based on serological and virological detections has indicated that various bat
species could play a role in the ecological circle of ebolaviruses (5, 7, 8), and the LLOV
genome has been detected in Miniopterus schreibersii bats in Spain and Hungary (9, 10).
In addition, a number of novel FiVs have been discovered in bats in China and Africa
and are divergent enough to be candidates for new species or even genera (11-16).
Particularly, in China, bat-borne FiVs such as FiV DH04 (DH04) and Méngla virus (MLAV),
show great genetic diversity and are quite distinct from other currently known FiVs
(11-13). They exhibit broad cell tropisms (12, 13), indicative of a complicated infection
situation in bats and of the high zoonotic potential of FiVs in China. Serological
methods based on nucleoprotein (NP) have been widely applied to investigate the
seroprevalence of FiVs in bats and have revealed the possibility of an increased number
of bat species acting as reservoirs (17-22). However, such serological data can be
challenged as to interpretation, mainly due to unidentified cross-antigenicity between
different FiV NPs. To address this problem, we conducted a serological investigation of
FiVs in bats, revealing the antigenic relationships between FiVs and two other monon-
egaviruses, Tuhoko pararubulavirus 1 (TUHV) and rabies virus (RABV), and the extensive
infection of Chinese bat populations with diverse filoviruses.

RESULTS

Recombinant NP-based Western blotting analysis of cross-antigenicity of FiVs,
TUHV, and RABV. As shown in Fig. 1A, all mononegaviruses formed 3 phylogroups,
corresponding to the families of Filoviridae, Paramyxoviridae, and Rhabdoviridae, with
very low amino acid identities between them (=12.3%). Five filoviruses clustered within
3 clades, with one consisting of EBOV and RESTV with the highest mutual amino acid
identity (54.5%) and belonging to the genus Ebolavirus. Chinese isolate DH04 formed
a unique clade sharing 32.9 to 35.9% identities with ebolaviruses. The third clade
included MARV and another Chinese FiV (MLAV) with the 2nd highest mutual similarity
(45.9%) but with =28.1% similarity with other FiVs. Western blotting (WB) analyses (Fig.
1B) showed that mouse anti-EBOV-NP hyperimmune serum had a weak cross-reactivity
with RESTV and MARV; anti-RESTV-NP strongly reacted with EBOV but not with others;
anti-FiV_DHO04-NP and anti-RABV-CVS11-NP reacted only with their own antigen; and
anti-MARV-NP showed a weak cross-reactivity with MLAV. In addition, anti-TUHV-NP
also showed very weak cross-reactivity with MARV but not with the others. This
indicates that some FiVs are minimally related antigenically to other mononegaviruses
(e.g., paramyxovirus and rhabdovirus). However, within the family Filoviridae, varying
cross-antigenicity between viruses was detected, while very weak or nonexistent
between clades; however, stronger cross-reactivity was found within the EBOV clade.

Serological investigation of FiVs in bat serum. Results of enzyme-linked immu-
nosorbent assay (ELISA) reactions of bat serum samples with DH04, RESTV, EBOV, MARV,
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FIG 1 The cross-antigenicity characterization of the five FiVs, TUHV, and RABV. (A) Phylogeny and
pairwise comparison of the 340-aa NP C-terminal sequences. Viruses in phylogenetic tree showing
significant cross-reactivity are in grayed boxes with the depth of gray representing the reactive strength.
(B) WB analysis of eukaryotically expressed NPs of the 7 viruses using 6 antiserum samples. Lanes were
taken from different gels. Different loading amounts of these NPs were determined using ImageJ to
ensure the same amounts of the target proteins. Z, EBOV (loading amount, 52.3 ug); R, RESTV (59.5 ng);
D, FiV DHO4 (95.55 1g); M, MARV (60.8 11g); L, MLAV (51.8 ug); T, TUHV (48.6 u1g); C, RABV CVS11 (60.9 ug);
E, EGFP (11.0 ug).

RABV, and TUHV are shown in Fig. 2 with the reactivity of 151 being further confirmed
by WB analyses against NPs of DH04, RESTV, EBOV, and MARV (Fig. 3). The optical
density at 492 nm (OD,,) reading ranges of WB-validated serum samples were 0.05 to
0.87, 0.05 to 1.23, 0.05 to 0.95, and 0.04 to 0.75, respectively, against the 4 viruses. WB
results showed that 81, 53, 45, and 39 serum samples were reactive to DH04, RESTV,
EBOV, and MARYV, respectively (Fig. 3). As previously described, ELISA and WB results
were combined to determine the ELISA cutoff values (23). By this method, 250 of 689
(36.3%) bat serum samples tested showed reactivity to one or more of the 4 FiVs with
DHO04 showing the highest reactive rate (27.9%, P < 0.001), followed by RESTV (17.1%),
EBOV (12.6%), and MARYV (8.6%) (Table 1). Among the reactive serum samples, most had
OD,,, readings of <0.4, with only 1, 4, and 1 showing OD,,, readings of >1.0 against
DHO04, RESTV, and EBOQV, respectively (Fig. 2 and 4). Their titers were determined by
4-fold dilutions, and results showed that most had titers of 100, with only 6 and 1 serum
samples showing titers of 1,600 against DHOT and RESTV, respectively (Fig. 4).

In terms of bat species, as shown in Fig. 5, the Rousettus leschenaultii, Myotis
horsfieldii, and M. schreibersii bats showed the highest total FiV seroreactivity (60.8%,
78.3%, and 60.6%, respectively) (P < 0.001), followed by bats in the Hipposideros
larvatus, Hipposideros armiger, Rhinolophus sinicus, Rhinolophus affinis, Rhinolophus
ferrumequinum, and Scotophilus kuhlii species with seroreactivity of 21.5 to 34.9%.
Miniopterus australis and Taphozous melanopogon bats anywhere were negative for all
4 FiVs. Single- or multiple-reactivity of these serum samples to the 4 FiVs are summa-
rized in Fig. 5B, with 80, 20, 16, and 11 serum samples showing single-reactivity to
DHO04, RESTV, MARV, and EBOV, respectively. Interestingly, while EBOV/MARV and
DHO04/EBOV/MARV cross-reactions were not observed, 3 serum samples showed reac-
tivity to MARV/RESTV, 14 to DH04/EBOV, 11 to DHO4/MARV and 28 to DH04/RESTV. Of
note is that 23 serum samples reacted with all 4 FiVs.

Thirty serum samples available in sufficient volume, including 12 reactive to EBOV by
ELISA, were further tested to determine their neutralizing antibodies against EBOV
transcription-competent virus-like particles (trVLPs). Compared to the 50% neutralizing
dose (NDs,) of the refined control hyperimmunized equine immunoglobulin (HEI)
(>10,000), 14 serum samples had neutralizing antibody titers ranging between 28 and
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FIG 2 The OD,,, readings (y axis) of bat sera against the rNPs of DH04, RESTV, EBOV, MARV, RABV, and TUHV. Each bar on the x axis represents 1 serum sample.
OD,,, readings of >1.0 are labeled above the bar. ZJ, Zhejiang; FJ, Fujian; GX, Guangxi; YN, Yunnan; DS, Daishan; YS, Yanshi; SW, Shawu; NP, Nanping; BH, Beihai;
FC, Fangchenggang; JX, Jingxi; LS, Lingshan; LZ, Longzhou; NM, Ningming; LA, Long’an; WM, Wuming; XA, Xing'an; XS, Xishuangbanna.

224 (Fig. 6), showing 73.3% (22/30) coincidence with ELISA results. Among the 8 serum
samples showing discrepancy between neutralization assay (NA) and ELISA results, 5
ELISA-negative serum samples showed neutralizing capacity with titers between 28 and
224, while the remaining 3 ELISA-positive serum samples against EBOV did not neu-
tralize trVLPs.

Viral metagenomics. A total of 57 adult R. leschenaultii bats were sampled during
January 2019 and subjected to viral metagenomic analysis. The lllumina sequencing
generated ~2.0Gb of high-quality data with an average length of 180 bp. After
annotation, 2 reads that were exactly the same were related to FiVs, corresponding to
the L gene. They shared the highest 71.7% amino acid identity with MARYV, followed by
58.3% with MLAV and the lowest 45.0% with DHO4. The phylogenetic tree showed that
the sequence was placed between MLAV and MARYV, indicative of a remote relationship
with currently known FiVs (Fig. 7). The multiple sequence alignment of reads with other
representatives revealed consistency in conserved motifs and sites (Fig. 7), which
ensured that the short reads truly originated from FiVs. To confirm the presence of FiV
in these samples, a previously validated nested reverse transcriptase PCR (RT-PCR)

April 2020 Volume 94 Issue 7 €02042-19 jviasm.org 4


https://jvi.asm.org

Serology of Bat Filoviruses in China Journal of Virology

YN3 YN9 YN10 YN11 YN16 GXDXX3 GXDXX4 GXDXX5 GXXX6 GXDXX7
- E
|

010 010 010 008 017 101 015 0.12 045 044 029 006 045 022 027 028 035 024 0.4 025 TS O (i Dlo o1t O O OD L T T D T
YN17 YN19 'YN20 YN22 'YN23 GXDXX28 GXFCX17 GXFCX18 GXFCX20 GXFCX22
- ‘

034/ 043 022; 016 035 031 (020 027 01 008 (047 007 0440008 005 0100 009 /009 :009:075 007 011 009 009 008 00 003 009 009 007 009 008 010 007 003 008 012 009 011 010
'YN25 YN27 'YN28 'YN29 'YN30 GXHPA1 GXHPA4 GXHPAS GXHPA8 GXHPA9

- i .

012 008 009 0.11 018 019 024 008 059 0.12 009 0.19 020 011007 040 016 015 020 017

018 034 042 007 0.6 0.09 007 0.04 0.11 008 007 004 012 0418 043 012 015 036 009 0.12

YN8 YNS - N6z ___ Yies GXHPA10 GXHPA15 [0 GXJX19 GXJX20
-— | ), |
. e EEE NN |
030 023 033 0.1 0.44 031 026 038 022 1.23 085 027 008 015 028 0.08 010 0.41 009 0.12 011 010008 010 011014 010 007 008 009 005 010 007 006 010 012 009 009 007 007

YN69 YN71 YN72 YN84 YN86

| = i ho—g

0.15 033 0.11 0.10 028 0.6 017 0.14 0.06 009 0.16 0.07 0.14 031 010 031 025 031 029 062
YN92 YN99 YN100 YN1 05_ YN106

GXJXA2 GXJXA3 GXJXA4 GXLSB3 GXLSB8

027 0417 017 012 021 012 010 0.11 024 0.14 0.11 0.6’; 011 011 011 011 009 008 011 0.11
GXLSX17 GXLSX18 GXLSX22 GXLZX1 GXLZX17
e

009 041 010 0.25 011 010 009 014 011 009 007 0.11 011 009 011 009 007 008 009 008 - —
008 008 008 008 006 006 006 0.06 0.07 0.07 0.06 0.06 006 008 006 008 0.06 008 006 007

e RN ALGIRES YNi6 o 'L GXLZX18 GXNM3 GXNMS5 GXNM11 GXNM21
- | - -
| — - - e s i l
0.07 006 0.07 0.06 0.10 0417 009 0.12 017 029 010 011 012 045 007 034 016 045 0.07 034 ad - & X
0.07 007 0.07 007 015 016 012 0.13 009 0.10 009 0.12 026 012 012 071 018 015017 017
YN132 YN184 YN190 YN268 YN273
GXNM22 GXNM23 GXNMS5 GXWMCS GXXAB15
il
008 007 010 008 028 022 019 039 O . 029 0. 022 030 030 027 087 009 0.10 0.12 i
008 013 010 012 0.11 008 009 0.10 0.09 0.10 0.09 0.12 0.07 0.07 0.10 0.11 011 020 0.12 0.1
Lz Rz YN285 YNos vNaos S S— S
B - e \
- : - -
041 006 028 0.13 013 007 008 0.11 033 035 028 015 028 017 023 017 026 029 040 0.16

0.17 015 011 0.12 005 005 005 005 050 0.10 0.07 0.12
YN310 YN332 'YN339

015 0.11 012 011 049 008 012 011 0413 016 0.11 008

FJHHAX1 FJHHAX2 FJHHAXG FUHHAX7 FJSWAT 20D22 20025 20027 20028 2UDZ14
: » L Imm -~ - 1R
006 008 006 005 006 008 006 005 027 007 006 007 020 010 0.08 009 018 008 009 0.10
0.07 0.05 0.07 0.09 0.09 009 0.08 0.11 0.15 017 0.17 0.09 0.09 0.09 0.10 0.08 0.09 0.09 0.11 0.07
FJSWAS FJSWA14 FJSWB1 FJSWB2 FJswB4 ZJDZ23 2JDZ726 2Jpz27 2JDZ29 ZJDZ32
030 022 0.15 0.15 057 055 048 0.15 0.10 0.11 0.16 0.15 0.17 018 0.10 0.11 0.11 009 0.12 0.19 0.09 0.11 005 0.10 016 009 013 0.12 0.09 009 0.10 0.11 0.09 008 0.11 0.09 0.07 0.10 0.07 0.09
FUSWB5 FUSWB7 FJSWBT1 FUSWB22 FUSWB27 2IDZ36 20237 3 2ldzs e
010 006 015 010 040 022 0.6 0.16 034 011 041 012 013 007 012 008 013 0.10 011 012 007 009 011 009 015 042 012 010 027 009 016 01 014 009 007 013 024 022 045 019
2JQz7
FJSWB31 FJSWB32 JXDA1 FJXDA2 FJXD'AJVG

—
- 022 009 0.10 0.12
031 017 022 018 035 0.18 044 008 017 047 016 018 015 041 006 008 012 0.1 007 017

FIXDA17 FXJDA18 FJXDA21 FJXDA22 FJIXD23
- i
008 0.11 0.16 0.09 016 012 0.10 O.‘10 021 009 0.15 0.15 013 012 008 015 0.14 009 0.09 0.1]
FJUXDA32 FJXDA35 FJXDA42 FJIXDA60 FJXDA61

-

030 008 009 0.11 007 011 008 010 031 022 012 012 010 008 008 010 006 006 007 0.07
FJ.XDA62 FJYSX5 FJYSX6 FJYSX7 FJYSX11
- e
— - | -—
~- . [ -~

—
0.08 0.07 0.08 0.07 0.19 0.17 0.16 0.27 0.07 009 006 008 008 006 006 006 017 027 017 0.27

FJYSX14 FJYSX20 FJYsx21 FJYSX28 FJYSX30

- —
2 —
028 0.18 0.18 0.18 017 016 026 017 016 017 0.27 0.15 018 023 008 016 0.5 0.16 0.06 0.08

FJYSX32 FJYSX34 FJYSX35 FJYSX36

0.06 0.05 0.06 0.06 0.15 0.07 0.07 0.06 0.14 0.14 0.14 0.08 018 007 0.14 015

FIG 3 WB analyses of 151 bat serum samples. Four lanes from left to right are, respectively, DHO4, RESTV, EBOV, and MARV. The sample code is shown above
the WB picture. The value under each lane is the OD,,, reading.

method (11, 12) was employed to screen all organ samples, and no positive results were
obtained.

DISCUSSION

As one of the most abundant, diverse, and widely distributed mammals, bats have
been confidently linked to many emerging zoonotic viruses, including Hendra virus,
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TABLE 1 Specimen details and results of ELISAs
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ELISA P (%)°

Province Location Bat species Yr Diet® Serum no. FiV DHO04 RESTV EBOV MARV
Yunnan Xishuangbanna R. leschenaultii 2012 F 143 87 (60.8) 66 (46.2) 43 (30.1) 33(23.1) 23 (16.1)
Guangxi Lingshan S. kuhlii 2015 |1 14 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
M. australis 2015 | 15 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
S. kuhlii 2016 | 43 2 (4.7) 0 (0.0) 1(2.3) 0 (0.0) 1(2.3)
Subtotal 72 2 (2.8) 0 (0.0) 1(1.4) 0 (0.0) 1(1.4)
Long’an H. larvatus 2015 | 19 2 (10.5) 1(5.3) 0 (0.0 0 (0.0 1(5.3)
Wuming H. larvatus 2015 1 15 2 (13.3) 2 (13.3) 1(6.7) 0 (0.0) 1(6.7)
Xing'an H. larvatus 2015 | 9 6 (66.7) 3 (33.3) 3 (33.3) 2 (22.2) 0 (0.0)
Beihai S. kuhlii 2015 | 50 21 (42.0) 10 (20.0) 13 (26.0) 7 (14.0) 2 (4.0)
Fangchenggang  H. larvatus 2016 | 28 9 (32.1) 8 (28.6) 3(10.7) 2(7.1) 2(7.1)
Hipposideros pomona 2016 | 1 0 (0.0 0 (0.0) 0 (0.0 0 (0.0 0 (0.0)
R. affinis 2016 | 40 14 (35.0) 12 (30.0) 4 (10.0) 2 (5.0) 1(2.5)
Subtotal 69 23 (33.3) 20 (29.0) 7 (10.1) 4 (5.8) 3(4.3)
Jingxi Aselliscus stoliczkanus 2016 | 2 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Hipposideros turpis 2016 | 8 5 (62.5) 4 (50.0) 1(12.5) 1(12.5) 0 (0.0)
H. armiger 2016 | 15 8 (53.0) 5(33.3) 5(33.3) 6 (40.0) 3 (20.0)
H. larvatus 2016 | 8 4 (50.0) 4 (50.0) 3 (37.5) 1(12.5) 1(12.5)
H. pomona 2016 | 4 1 (25.0) 1 (25.0) 0 (0.0 0 (0.0) 0 (0.0)
Rhinolophus pearsonii 2016 | 2 1 (50.0) 0 (0.0) 0 (0.0) 1 (50.0) 0 (0.0)
Rhinolophus thomasi 2016 | 7 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Subtotal 46 19 (41.3) 15 (32.6) 11 (23.9) 9 (20.0) 4 (8.7)
Ningming M. schreibersii 2016 | 33 20 (60.6) 17 (51.5) 11 (33.3) 9 (27.3) 5(15.2)
Longzhou T. melanopogon 2016 | 32 0 (0.0) 0 (0.0 0 (0.0) 0 (0.0) 0 (0.0)
H. armiger 2016 | 17 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Subtotal 49 0 (0.0) 0 (0.0) 0 (0.0 0 (0.0) 0 (0.0)
Fujian Yanshi R. sinicus 2016 | 33 11 (33.3) 11 (33.3) 7 (21.2) 4(12.1) 3(9.1)
Nanping H. armiger 2016 | 11 2 (18.2) 2 (18.2) 0 (0.0) 0 (0.0) 0 (0.0)
R. sinicus 2016 |1 1 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
R. affinis 2016 | 61 19 (31.1) 17 (27.9) 8 (13.1) 9 (14.8) 5(8.2)
Subtotal 73 21 (28.8) 19 (26.0) 8 (11.0) 14 (19.2) 6 (8.2)
Shawu R. affinis 2016 | 8 5 (62.5) 3 (37.5) 4 (50.0) 1(12.5) 2 (25.0)
M. horsfieldii 2016 | 23 18 (78.3) 14 (60.9) 9 (39.1) 8 (34.8) 8 (34.8)
Subtotal 31 23 (74.2) 17 (54.8) 13 (41.9) 9 (29.0) 10 (32.3)
Zhejiang  Daishan R. ferrumequinum 2016 | 47 13 (27.7) 13 (27.7) 2 (4.3) 1(2.1) 2 (4.3)
Totals 689 250 (36.3) 192 (27.9) 118 (17.1) 87 (12.6) 59 (8.6)

aF, frugivorous; |, insectivorous.
bP (%), number reactive (percentage). The column FiV indicates the general reactive rate of the 4 FiVs.

Nipah virus, severe acute respiratory syndrome (SARS) and swine acute diarrhea
syndrome (SADS)-related coronaviruses, with frequent high-consequence spillover to
humans and other animals (24, 25). Bats are also deeply involved in the ecology of FiVs
(5), but their roles to maintain the circulation of FiVs remain largely unknown and,
therefore, need further investigation. In addition, the recent discovery of novel FiVs in
bats, especially in different bat species in China (11-14), has added more mystery to
these viruses and has driven numerous efforts to investigate the background of FiVs in
bats (15, 16). Such work is critical to prevent the outbreak of, and to control, FiV-
associated zoonotic diseases. Field studies have uncovered FiV dynamics in many bat
populations, with increasing numbers of viral RNA detection cases being reported, e.g.,
EBOV RNA positivity in Hypsignathus monstrosus, Epomops franqueti, and Myonycteris
torquata bats in central Africa (7), MARV RNA in R. aegyptiacus, Miniopterus inflatus, and
Rhinolophus eloquens bats in Gabon and D. R. Congo (26, 27), LLOV RNA in M.
schreibersii bats in Spain and Hungary (9, 10), RESTV RNA in M. schreibersii, M. australis,
Cynopterus brachyotis, and Chaerephon plicata bats in Philippines (8), MLAV and other
novel FiV RNA in R. leschenaultii and Eonycteris spelaea bats in China (11-13), and
Bombali virus RNA in Chaerephon pumilus and Mops condylurus bats in Sierra Leone,
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FIG 4 Distribution of the OD,,, readings and the antibody titers of bat serum reactive to DH04, RESTV, EBOV, and
MARV. Each virus has two panels with the left one showing the OD,,,, readings at a dilution of 1:100 and the right
showing the antibody titers. The size of the filled circle represents the number of serum samples at the same OD,,,,

reading level or titer.

Kenya, and Guinea (14-16). These viral nucleic acid data have extensively increased our
knowledge of the genetic diversity, distribution, and host range of FiVs.

Serological epidemiology is another important aspect to uncover the present and
historical situation of bat-borne FiVs and is critical for estimating the potential risk of
these viruses to public health. Compared to RNA detection, the serological investiga-
tion will reveal more insights into FiV infection in bats and its distribution (5). However,
serological investigations face some challenges, especially in regard to widely used
methods based on the NP due to the uncharacterized cross-antigenicity between FiVs.
In addition, a small region in the middle of FiV NP sequences shows certain homology
with NPs of paramyxoviruses or even with rhabdoviruses (28), which could introduce
false-positive serological results. In the present investigation, the involvement of NP in
this cross-antigenicity was identified by WB using a combination of eukaryotically
expressed recombinant NPs (rNPs) of four FiVs, TUHV and RABV, and their NP-specific
antiserum. TUHV is a new bat-originated paramyxovirus detected in Southern China,
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Family Genus Species Number FiV DHO4 RESTV EBOV _ MARV
Pteropodidae  Rousettus R. leschenaultii 143
Rhinolophidae  Hipposideros H. larvatus 79

H. armiger 43

Rhinolophus  R. sinicus 34
R. affinis 109

R. ferrumequinum 47

Vespertilionidae Scotophilus S. kuhlii 107 250%
Myotis M. horsfieldii 23 40%-50%
Miniopterus M. schreibersi 33 30%-40%
M. australis 15 20%-30%
Emballonuridae Taphozous _ T. melanopogon 32 10%-20%
Total 665 D 0%-10%

FIG 5 FiV seroreactivity in bat serum samples. (A) The seroreactivity of different FiVs varied in bat species. Bat
species with <10 were not included in the statistical analysis. The column FiV indicates the total seroreactivity of
the 4 viruses. (B) The Venn diagram shows single- or multiple-reactivity of the reactive serum sample.

and RABV also showed seroprevalence in Chinese bat populations (29, 30). Based on the
identity comparison and WB analysis of the 340 amino acids (aa) at the C terminus of
DHO04 NP and the counterparts of EBOV, RESTV, MARV, MLAV, TUHV, and RABV (Fig. 1),
these FiVs are genetically distant and antigenically unrelated to paramyxoviruses and
rhabdoviruses, demonstrating that such a serological investigation of FiVs based on NP
shows high specificity among the mononegaviruses, a conclusion confirmed by the
distinct profiles of the ELISA readings of the FiVs, TUHV and RABV (Fig. 2). However,
among the FiVs, strong cross-reactivity was shown to occur between ebolaviruses, i.e.,
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112
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o

* % * * * * * *
DHO04 | 0.45[0.35]0.35/0.14]0.09(0.12(0.20]0.16{0.14]0.22]0.08(0.06] 0.25/0.11}0.29] 0.22/0.19] 0.07{0.08| 0.17]0.28/ 0.16] 0.18[0.15/ 0.17| 0.15/ 0.06| 0.06{0.27] 0.35
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FIG 6 EBOV trVLP-based NA analyses of the 30 bat serum samples with HEI as positive control. The ELISA results are shown with OD,,, reading > cutoff value
highlighted in gray. Serum samples not showing coincidence between NA and ELISA are identified with a star.
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FIG 7 Phylogeny and multiple amino acid sequence alignment of FiV-like reads generated by viral metagenomic analysis of fruit bats (filled circle) with other
representatives of known FiVs, including two newly identified Chinese FiVs (filled triangles). Conserved motifs or sites are shadowed in different colors.

EBOV/RESTV, and only very weak one-way cross-reactivity between EBOV/MARV. We
did not generate antiserum against MLAV, thereby preventing a reciprocal cross-
reactivity identification of MLAV and other FiVs, but the one-way cross-reactivity and
45.9% amino acid identity between MARV/MLAYV indicates that they are genetically
close and antigenically related to each other. Phylogeny based on the L protein has also
shown that MLAV is relatively close to MARV (13). DHO4 showed no cross-reactivity with
other FiVs, which, together with its distant phylogenetic position among the other FiVs,
indicates that it is genetically distant and antigenically unrelated to other FiVs. These
cross-antigenic traits between FiVs based on NP show some consistency with cross-
reactivity characterization using bat convalescent-phase serum generated by prime-
boost immunization of cultivatable FiVs (31).

The profiling of cross-reactivity among the four FiVs revealed that reactive serum
samples could be classified into four groups. Firstly, as an indigenous FiV, DH04 was first
reported in R. leschenaultii bats in Dehong, western Yunnan (11), and later in E. spelaea
bats in Jinghong and Mengla, southern Yunnan (12), regions >350 km apart (Fig. 8).
Our ELISA results also showed that 27.9% (192/689) of bat serum samples react with
DHO04, with 11.6% (80/689) of serum samples from R. leschenaultii bats in Yunnan, H.
larvatus and H. armiger bats in Guangxi, R. ferrumequinum and R. affinis bats in Zhejiang,
and M. horsfieldii and M. schreibersii bats in Fujian exclusively reacting with DHO4. The
RNA and serological evidence indicates that DHO4 or DHO4-like FiVs possess a wide
distribution in Chinese bat populations. Secondly, there were 11 serum samples
exclusively reacting with MARV, e.g., an R. leschenaultii bat serum YN23 had the highest
and exclusive OD,4, reading of 0.75 to MARV (Fig. 3) and also exclusively and strongly
reacted with MARV by WB (Fig. 3), suggesting that these bats were infected by another
Chinese indigenous MLAV, or similar ones, rather than the African MARV, and that the
distribution of these MLAV-like viruses are more restricted than DHO4. Thirdly, there
were also 16 and 20 serum samples exclusively reacting with EBOV and RESTV,
respectively, even one showing an OD,4, reading as high as 1.38 against RESTV (Fig. 2),
while 7 serum samples cross-reacted with them (Fig. 5B). As RESTV is another Eastern
Asian FiV that was serologically and/or virologically detected in bats in China (20),
Bangladesh (21), and Philippines (8, 18), this portion of the serum samples possibly
reflected infection of RESTV-like viruses. Finally, multiple-reactivity was widely observed
in serum samples here, with 23 cross-reactive with all 4 viruses (Fig. 5B), thereby making
the OD,q, reading profiles of the 4 FiVs seemingly similar (Fig. 2), which undoubtedly
indicates a complex infection involving novel and/or multiple FiVs in bats. This con-
clusion can be proven by Yang et al. (12), who has revealed much diversity of FiV RNAs
in bats, with one bat even infected by four viruses, and by our viral metagenomic data
that also indicated the signal of novel FiVs in bats. Unfortunately, our viral metag-
enomic data here revealed very limited reads related to FiVs, which was not confirmed
using RT-PCR detection, probably due to incompatibility of RT-PCR primer pairs to novel
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FiV or low replication of this virus in bats at capture. The neutralization tests were
performed to validate the ELISA and WB, and results did not show good coincidence,
which may be ascribed to cross-reactive and potent neutralizing antibodies of uniden-
tified bat FiVs. In support of this suggestion, it is known that antibodies from human
survivors of Ebola or Marburg viral infections exhibit cross-reactive and potent neu-
tralizing responses to FiVs other than the original infecting species (32, 33), which
suggests that these new bat-borne FiVs may be of scientific and medical value for the
development of therapeutics and vaccines.

Due to a lack of specific positive serum samples against the 4 viruses, we cannot
assess the sensitivity of the ELISA established here. However, serological results here
showed that FiV infections in Chinese bats are highly prevalent, particularly in R.
leschenaultii, M. horsfieldii, and M. schreibersii bats. Such high seroreactive rates were
also observed in Africa, e.g., as high as 43.8% of Zambian Rousettus sp. were serore-
active to MARV using NP- and glycoprotein (GP)-based ELISA (22), 36.4% of Ghanaian
bat serum samples reacted with EBOV NPs (19), which adds evidence that bats in the
old world are natural hosts for FiVs, though some viruses have not yet been isolated
from those creatures. Besides the frugivorous R. leschenaultii and E. spelaea bats, from
which the FiV RNA was detected (11, 12), our results also indicated that the insectiv-
orous M. horsfieldii, M. schreibersii, Hipposideros spp., and Rhinolophus spp. bats are likely
new hosts of FiVs in China. Three of them, except for Hipposideros spp. were also
included in the FiV host spectrum in Africa and Europe, e.g., Rhinolophus spp. showed
RNA- and antibody-positive rates in Africa (4, 27, 34) while M. schreibersii bats in Europe
were positive for LLOV RNA (9, 10). Of note is that these reactive serum samples showed
relatively low titers in ELISA (=1,600) and NA (=224) results, which was also widely
observed in the bat serum samples of other countries, such as Ghana (=800) (19),
Gabon (=1,600) (34), and Philippines (=1,280) (18). This could be ascribed to the
following: (i) bats have special immune systems against FiVs that do not produce high
levels of antibodies; (ii) the antigenic structure of FiV N protein might fold mistakenly
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in vitro and cannot be efficiently bound by bat antibodies; (iii) those bats were infected
by FiVs other than those used here, but antigenically related to the viruses used here,
making detection methods based on certain viruses not 100% recognizing and binding
antibodies triggered by other FiVs in bats.

Altogether, the present study, along with the identification of genetic diversities in
previous studies (11, 12), has indicated that there are more unknown bat-borne FiVs
circulating in Southern China, and to uncover them further, investigation and timely
surveillance is needed.

MATERIALS AND METHODS

Ethics statement. The procedures for sampling bats in this study were reviewed and approved by
the Administrative Committee on Animal Welfare of the Institute of Military Veterinary Medicine,
Academy of Military Medical Sciences, China (Laboratory Animal Care and Use Committee Authorization,
permit number JSY-DW-2015-01).

Sample information. The 689 serum samples used in this study were archived samples stored at
—80°C following collection between 2012 and 2016 in the Yunnan, Guangxi, Fujian, and Zhejiang
provinces, China, and were used to investigate group A rotaviruses and hantaviruses in our previous
studies (23, 35). Bat species were identified as described previously, covering 16 species within 8 genera
and 4 families (23) as follows: Rhinolophidae (n = 336), Vespertilionidae (n = 178), Emballonuridae
(n = 32), and Pteropodidae (n = 143). Serum details are shown in Table 1 and Fig. 8. In addition, 57 adult
R. leschenaultii bats were captured with nets at an orchard in Dehong prefecture of Yunnan province
during January 2019, where FiV DH04 was identified from the same bat species in 2015 (11). All trapped
bats were dead at collection every morning, and their rectums with the contents, livers, kidneys, and
lungs were immediately collected at the local CDC and shipped to the laboratory on dry ice, where they
were stored at —80°C.

Expression of recombinant NP and generation of mouse anti-rNP-specific hyperimmune serum.
The NP sequence (340 aa at C terminus) available for DH04 (GenBank accession number KP233864) was
amplified from a plasmid preserved in the laboratory using Hi-Fidelity polymerase (Tiangen), and its
counterparts in EBOV (GenBank accession number MG572232), RESTV (GenBank accession number
NC_004161), MARV (GenBank accession number NC_001608), LLOV (GenBank accession number
NC_016144), and TUHV (GenBank accession number GU128080) were amplified from preserved plasmids
or chemically synthesized. The expression and purification of prokaryotic rNPs and preparation of
mouse-specific hyperimmune serum were as previously described (23). Briefly, the NP gene fragments
were subcloned into pET-28a(+) with a His tag at the C terminus and transfected Escherichia coli strain
BL21 (Tiangen). After induction with 0.5 mM isopropyl-B-b- thiogalactopyranoside (IPTG), the rNPs were
purified and quantified by Ni-NTA His bind resin (Novagen) and a BCA protein assay kit (CWBio). Specific
hyperimmune serum was prepared by injecting 4-week-old female Kunming mice intramuscularly with
purified rNPs. Attempts to produce the rNP of LLOV failed, even with codon optimization, change of
bacterial host, adjustment of inducement temperature, and truncation of the NP; hence, LLOV was not
included in the experiments. Eukaryotic enhanced green fluorescent protein (EGFP)-tagged NP
C-terminal fragments of EBOV (predicted molecular weight [MW], 64.9 kDa), RESTV (110.8 kDa), MARV
(61.8 kDa), DHO4 (67.23 kDa), TUHV (43.9kDa), and MLAV (GenBank accession number KX371887;
75.4 kDa) were expressed as described previously (23). In addition, the entire NP of RABV CVS11 strain
(GenBank accession number GQ918139) was prokaryotically and eukaryotically expressed, with mouse-
specific hyperimmune serum prepared as before.

Cross-antigenicity analysis by WB and serological assay of bat serum by ELISA and WB. The
details of cross-antigenicity characterization, WB, and ELISA have been previously described (23). Six
mouse-specific hyperimmune serum samples were used to detect the 7 eukaryotically expressed NPs by
WB. Eukaryotically expressed NPs were separated by SDS-PAGE and transferred onto nitrocellulose
blotting membranes (GE Healthcare), blocked with 5% skimmed milk (Promega), then incubated with
mouse anti-NP serum at a 1:300 dilution. After washing with phosphate-buffered saline with Tween 20
(PBST) 3X, the membranes were incubated with donkey anti-mouse IgG 1:1,000 for 50 min, and then
visualized using an Odyssey imager (LI-COR Biosciences). All bat serum samples were tested by ELISA
against prokaryotic rNPs of DH04, RESTV, EBOV, and MARV. Briefly, 96-well microplates (Corning) were
coated with purified prokaryotic rNPs at 4°C overnight and blocked with 5% skimmed milk at 37°C for
1 h. Then, 100-fold phosphate-buffered saline (PBS)-diluted serum samples were added to the wells and
incubated at 37°C for 1 h followed by the addition of horseradish peroxidase (HRP)-conjugated goat
anti-bat IgG (Bethyl) at a 1:20,000 dilution. After incubation at 37°C for 5min, freshly prepared
o-phenylenediamine (OPD) substrate solution (Sigma) was added to each well for 5 min for color reaction
and then stopped by addition of 2 M sulfuric acid. The OD,,, values were immediately read and blanked
by the ODg;, value using a multimode microplate reader (Infinite 200 Pro; Tecan). Due to lack of specific
positive bat serum against the 4 viruses, the cutoff value of the ELISA could not be determined by
traditional methods. Instead, the ELISA OD,,, readings of 151 bat serum samples were compared with
their corresponding WB results (23), with the cutoff being established as the lowest reading at which 95%
of the WB results were positive. In addition, the 518 bat serum samples available in sufficient quantity
were tested by ELISA against RABV and TUHV rNPs, but due to the lack of sufficient serum, the cutoff
values of these were not determined.
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Neutralization assay. Reactivity of the EBOV serum was further confirmed by neutralization assay

(NA) with EBOV transcription-competent virus-like particles (trVLPs). Cells infected with trVPs continu-
ously express the EBOV proteins responsible for genome replication and transcription, thereby permit-
ting safe performance of NA under biosafety level 2 conditions (36). To generate trVLPs, 293T cells were
transfected with plasmids bearing NP, VP35, VP30, L, vVRNA-RLuc, or T7, using TransIT-LT1 transfection
reagent (Mirus Bio). At 96 h posttransfection, the resulting trVLPs were harvested and diluted to 100
TCID,, (50% tissue culture infective dose)/50 wl, followed by reaction of 2-fold dilutions (1:20 to 1:2,560)
with bat serum for 1 h at 37°C and addition to 293T cells transfected by 4 plasmids bearing NP, VP35,
VP30, L, or Tim1. Luciferase activity was measured 72 h postincubation in a GloMax 20/20 single tube
luminometer (Promega) using the Renilla-Glo luciferase assay system (Promega). Antiserum titers
(NDs,) were calculated by the Kérber method and expressed as dilution endpoints. A refined
hyperimmunized equine immunoglobulin (HEI) against EBOV virus-like particles (VLPs) was used as
a positive NA control (37).

Viral metagenomic analysis and RT-PCR screening. Organ samples of 57 fruit bats were pooled

and subjected to viral metagenomic analysis as per our published method (38, 39). All sequences
generated in one lane by the lllumina HiSeq 4000 platform were subjected to host genome removal and
virus annotation. To detect FiVs, all organ samples were subjected to RNA extraction using the RNeasy
minikit (Qiagen). Reverse transcription was conducted with the 1st cDNA synthesis kit (TaKaRa) according
to the manufacturer’s protocol. The cDNA was amplified using our published nested PCR method, which
was successfully used to detect DH04 and MLAV in bats (11, 12). The FiV-like reads revealed by
high-throughput sequencing (HTS) were compared with the counterparts of other FiVs, and their
preliminary phylogeny was implemented using MEGA v.6.06 under the maximum likelihood method with
100 bootstrap replications.

Statistical analyses. To compare the differences of the OD,,, readings of bat serum to DH04, RESTV,

EBOV, and MARV, normal distribution tests were conducted separately. The serum titers were not
normally distributed, so the differences between them were compared using a Wilcoxon rank sum test.

All data processes were conducted using Statistical Analysis System (SAS) v.9.2.
Data availability. The lllumina-generated raw data in this study have been deposited in the NCBI

Short Read Archive (SRA) under BioProject number PRINA597258.
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